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Recovery of uranium from superphosphate
Abstract
Florida phosphate rock and the phosphoria formations of Idaho, Montana, Utah and Wyoming have a
uranium content ranging from 0.01 to 0.02 per cent. The abundant domestic reserves and the relatively large
tonnages of phosphate rock mined each year cause these low-grade uranium sources to be of great potential
importance. Mo st phosphate rock is used for the production of normal superphosphate, which is made by
acidulating the rock with sulfuric acid to get a form of phosphorus available to plant life. This study was
undertaken to develop a method of recovering uranium during the production of superphosphate without
destroying the plant nutrient value of tho product.
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RECOVEHY OF URA.NIUH FRmi SUPERPIIOSPHATE1 
by 
A. Vf. Andresen and G. L. Brideer 
SUMMARY 
Florida phos~hate rock and the phosphoria formations of Idaho, Montana, 
Utah and "v'lyoming have a uranium content ran p:ing from 0.01 to 0.02 pe r cent. 
The abundant domestic reserves and the relativel y large tonnages of phosphate 
rock mined each year cause these low- Grade urani um sources to be of great 
potential importance. Mo st phosphate rock is used for the production of 
nornal superphosphate, which is made by acidulatine the rock Hith sulfuric 
acid t o ~et a form of phosphorus ava ilable to plant life. This study was 
undertaken to develop a method of recovering uranium during the production 
of superphosphate without destroying the plant nutrient value of tho product. 
A process was developed that is capable of recovering at least half of 
the uranium present in superphosphate. The process consists of a s ingle 
step liquid-slurry extraction in which an: organic solvent is mixed '.Ji th 
freshly acidulated phosphate rock. A solution of 10 per cent octyl pyro-
phosphoric acid in kerosene is used as the solvent. A 10 minute extraction 
1·Iith as little as 0.032 lb. of this solvent pe r lb. of rock 'tJas capable of 
recoverinr uranium. 
T\W different acidulation-extraction procedures 1-1ere studied. The first 
of these used an acidula tion of 1.81 lb. of sulfuric acid per lb. of rock 
P205. This corresponds to the acidulation used com~erically to prepare 
superphosphate. With this process, the solvent was mixed 'tJi th the a cidulated 
rock slurry and then the phases were separated. There was never a. clear 
aqueous layer present during the extraction when acids of concentration higher 
than 60 per cent were used. The other procedure that was studied use d an 
initial acidulation of 2.50 lb. sulfuric acid per lb. of rock P205. This is 
the acidulation commonly used to produce wet process phosphoric acid. The 
solvent was mixed with the over-acidulated rock and then the phases were 
separated. When this process was used, the aqueous phase separated into two 
layers, a slurry of acidulated rock on the bottom and a clear liquid above. 
After the solvent was · removed, sufficient additional phosphate rock was added 
to the aqueous phase to reduce the overall acidulation to 1.81 lb. sulfuric 
acid per lb. of P205. Superphosphate was obtained as the final product. The 
maximum uranium recovery obtained by either method was about 50 per cent of 
that present in the acidulated rock. 
lrhis report is based on a Ph.D. thesis by A. W. Andresen submitted June, 1955 
to Iowa State College, Ames, Iowa. This work was done under contract with 
the Atomic Energy Commission. 
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A considerable amoun-t of solvent uas occluded by the freshly acidulated 
rock. The samples prepared in the laboratory were filtered and 1vashed with 
kerosene but even with vacuum filtration some organic was still held by the 
fresh superphosphate . It was concluded that a dryine operation would be 
necessary to completely remove the organic materials. Kerosene has too high 
of a boiline range to be removed by drying. A lower boiling material such 
as n-heptane would have to be used. The quick-curing process for production 
of superphosphate uses a drying operation to cure the material. A similar 
process could be used to simultaneously cure the superphosphate and remove 
organic materials . 
The uranium recovery seemed to be limited mainly by two factors. One 
of these was the extent of apatite lattice destruction by the sulfuric acid. 
This 1-ras measured by P205 conversion. Only uranium freed from the apatite 
lattice can be recovered by solvent extraction. The other limiting factor 
Has the possible formation of UF4 during the acidulation of the rock. Uranium 
tetrafluoride is insoluble in octyl pyrophosphoric acid. The use of oxidizing 
agents, '"hich may have formed u+6 thereby preventing the formation of UF4, 
during the acidulation had a beneficial effect on uranium recovery. 
Although the maximum uranium recovery obtained was only half of that 
present in the acidulated rock, it still represents a domestic source of 
approximately 500 tons of uranium annually. A ra1-v material cost study 
indicated that an acidulation-extraction process may be economically feasible 
if the octyl pyrophosphoric acid and diluent could be recovered from the 
superphosphate . It was concluded that the proces s warranted further study 
to determine operating costs and to determine if uranium recovery can be 
increased. 
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INTRODUGTION 
Importance of Problem 
The expansion of .the atomic energy program in the United States has 
le G. to an exte11sive search for possible domestic sources of uro.nium. 
Tennessee phosphate r ock does not contain uranium; however, Florida phosphate 
rock and the phosphoria formaticns of Idaho, Montana, Utah and Wyoming have 
a uranium conte nt ranging from 0.01 to 0.02 per cent. The abundant domestic 
reserves and the relatively large tonna ges of phosphate rock mined each 
year cause these low-grade uranium sources to be of great potential importance. 
The world reserves of phosphate rock have been estimated in excess of 
26 billion tons (26). The United States p ossesses slightly more than SO 
per cent of these total reserves. In recent years, the annual phosphate 
rock production in the United States has been approximately 10 million long 
tons (37). If an average uranium content of 0.015 per cent is assumed, 
the domestic phosphate rock production represents a source of approximately 
1,600 tons of uranium annually. A portion oS this uranium is being 
recovered at the presunt tirre as a by-product from the production of wet 
process phosphoric acid; however, about 65 per cent of the rock mined in the 
United States is used for the production of superphosphate. This fraction 
contains approximately 1,000 tons of uranium. At the present time, this 
amount of uranium is effectively lost each year when the superphosphate is 
applied to the soil. 
Uranium has no value as a plant nutrient nor is it beneficial to plant 
growth as a trace element (40). There is no difference in the effectiveness 
of fertilizer prepared from Florida or Tennessee nhosphate rock. Tests 
made by the U. S. Department of Agriculture revealed that the small amounts 
of uranium have no beneficial or harmful effect on plant life. 
Field of Investigation 
Phosphate rock or phosphorite denosits are of a sedimentary nature 
for~ed from the orieinal veins of apatite in igneous rocks. Fluorapatite 
is the principal component of phosphate rock. The other major components 
are quartz, and iron and aluminum compounds. 
structure, 
It 
Fluorapatite is an ionic compound, has a hexagonal crystalline 
and may be represented by the chemical composition of Cal0F2 (P0~) 6 • 
has a very stable lattice structure. A relatively drastlc chem~cal or 
thermal treatment is necessary to destroy this crystal lattice. 
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Experiments on the mode of occurrence of uranium in phosphate rock 
indicate that it is probably present as an ismorphous substituent in 
lattice positions in the various phosphate rock fractions--clay, apatite, 
wavellite, and pseudowavellite (36). Ismorphous substitution is very 
common in minerals. Elements of ap proximately the same ionic radii and 
preferably, though not necess arily, the same charge can easily replace 
one another. Because uranium is not present as a separate phase but is 
intimately combined with the various rock fractions , the lattice structure 
of the phosphate rock must be destroyed to make the uranium ava:llable for 
recovery. 
The purpose of superphosphate manufacture is to convert the agricul-
turally unavailable phQsphorus compounds in phosphate rock into a form of 
phosphorus available for plant life. The custom of the fertilizer trade 
is to express the phosphorus content as P2o • In the United States, the 
available P2o5 in a fertilizer is the sumo? the water- and citrate-so~uble 
portions when the determinati on is made in accordance with a prescribed 
analy+.; cal procedure (3). Per cent conversion is defined as the available 
P205 content multiplied by 100 and divided by the total P 0 content. The 
amount of citrate jnsoluble P205 is a measure of the unav~ifable portion of 
P?O~ and could be considered representative of the amount of unreacted 
pfio!'§phate rock. 
Superphosphate lS produced by reacting phosphate rock with sulfuric 
acid; the reaction essentially destroys the latticestructure of the rock. 
The overall reaction of fluorapatite with sulfuric acid may be represented 
as: 
The reaction product, monocalcium.phosphate, is easily water soluble and is 
considered available as a plant nutrient. The calcium sulfate produced may 
be present in various hydrated forms. The hydrofluoric acid released by 
the reaction immediately reacts with silica present in the phosphate rock. 
The silicon tetrafluoride gas reacts further with water to form fluosilicic 
acid. 
The present day manufacture of superphosphate involves the following 
operations:-
l. Grinding of the phosphate rock. 
2. Mixing of the ground rock with sulfuric acid 
3. Solidification of the reaction products ( ''denning"). 
4. Completion of chemical conversion and drying ("curing"). 
5 .. Grinding and bagging of the finished product. 
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The den process in the most comrr,on method of producing superphosphate. 
Figure l shows the sequence of operations in the common den process. The 
acidulation in the den process takes place in a batch-type revolving pan 
mixer with rot8ting blades. Ground phosphate rock is introduced to the 
mixer which contains sulfuric acid, usually 68 to 72 per cent concentration. 
The reaction in the mixer is highly exothermic. As the temperature rises, 
the slurry becomes viscous and the volume increases due to the entrainment 
of steam and gases . At its maximum temperature and expansion, the slurry 
will exhibit t hixotropic properties . It will quickly solidify if allowed 
to remain at rest; however, it will remain in a plastic state for several 
minutes if agitation is continued. The usual mixing time is l to 3 
minut es. After this period, the hot plastic reaction mixture is dumped 
into a large cnamber known as a den. The mixing step is repeated until 
the den is filled. This may sometimes involve 400 tons of material. 
Aftor a period of 6 to 24 hours, during which the temperature may 
Axceod 100° C., the fresh superphosphate becomes a relatively dry and 
porous mass. This materiffi is removed from the 1en by a rasping knife or 
by excavation. The superphosphate is then put in piles and allowed to 
cure by standing. During the 4 to 6 week curing period the chemical 
conversion goes to completion and the moisture content decreases. The 
cured superphosphQte is ground to a suitable size and bagged for final 
shipment. 
A quick-curing process for the production of superphosphate has been 
developed by Bridger, Kapusta, Drobot and Kearns (13), (23), (14), (25). 
It differs from the usual den process when the fresh superphosphate is 
dried in a Roto-Louvre dryer rather than allowed to cure by aging in a 
pile. The flexibility of acidulating conditions and the final drying 
step in the quickcure process are advantageous to a uranium recovery process. 
There are several important factors which effect the character of the 
superphosphate produc t and the economics of manufacture. The acid-rock 
ratio is important since it affects the rate and amount of P?OS conversion 
to an available form. The opti~um acid-rock r a tion is one th~t yields a 
product in good physical condition at the lowest cost per unit of available 
P2o5• The rate of conversion increases as the acid-rock ratio- becomes 
larger. Most manufactures use a rule-of-thumb method to select the 
proportion of acid and rock. Table l shows the acid-rock ratios used by 
several manufactures when acidulating Florida phosphate rock (32). 
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MARKET 
FIGURE I. DEN PROCESS FOR THE PRODUCTION OF 
SUPERPHOSPHATE 
Concentration of 
sulfuric acid 
(per cent) 
71.17 
69.65 
69.96 
69.65 
70.87 
71.17 
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Table 1 
Acidulation ratios for the production 
of normal superphosphatea 
Grade of rock 
(per cent P2o5) 
33.3 
35.0 
32.0 
32.8 
33.0 
33.0 
Acid-rock ratio 
(lb. H2S04/lb. P205) 
1. 78 
1.71 
1.82 
1.82 
2.03 
1.81 
aAdapted from Siems, op. cit., p. 176. 
The concentration of sulfuric acid has an effect upon the physical 
properties of cured superphosphate. Acid concentrations ranging from 62 
to 72 per cent are used at the present time. Lower acid concentrations 
in the den process result in a product of high moisture content and poor 
physical condition. In the quick-curing process conc':lntrations as low as 
5o per cent may be used (23). 
The length of the curing period has an effect upon the amount of 
P2o5 conversion. The free acid present in the curing pile gradually 
reacts with the unconv@rted phosphate rock. Figure 2 shows the influence 
of time upon citrate insoluble P205 in a 300 ton pile of superphosphate 
produced by the den process. The usual curing period is 4 to 6 weeks. 
The quick-cure process produces the final product several hours after 
the acidulation. 
The rate of reaction between the phosphate rock and sulfuric acid 
depends to a large extent on the rock particle size (32). Kearns 
determined tha t conversion increased with decreasing particle size until 
5 
a maximum conversion was obtained with a par ticle size of 30 to 40 microns 
(25). The usual commercial practice is to grind the rock so that approximately 
90 per cent will pass a 100-mesh screen with 50 to 60 per cent passing a 
200-mesh screen. It has been proposed that the reason for the dependency 
of conversion rate on particle size is due to the formation of ~ layer of 
nearly i mpervious reaction products on the surface of the rock particles. 
This layer would prevent the acid from contacting the inner, unreacted portion 
of the particle. 
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LITERATURE CITED 
Host of the early research on the recovery of uranium from super-
phosphate came from similar research on the recovery fror.t phosphate rock. 
Workers at Battelle Memorial Institute originally nttempted to concentrate 
the uranium in phosph,<J.te rock by ore-dressing techniques (22). Flota tion 
tests, air separation tests and mar;netic separation tests were carried out 
but it vms not possible to ob tain a uraniun-rich phase by any of these 
methods. Pyrometall urgy st udi cs were then made on the rock by roasting it 
vr.L th various salts to solubilize the urani urn or srnel ting the rock 1-1i th 
var ious comnon metals as gatherint; agents ; hovJever, nci ther of these methods 
proved satisf actory • . Battelle then discovered that a dilute sulfuric acid 
leach of the rock would extract about 80 per cent of t he urani urn and nbout 
90 per cent of the P2or:'• Because of the similarity behrcen the sulfuric 
acid leach process and;)the actual process for producinc; super(lhosphate , 
experiments were t hen carried out on cured normal superphosphate. 
Battelle's batch leaching t ests on commercial superphosphate, made 
from uncalcined Florida phosphate rock, gave a uranium extraction of 8 
to 40 per cent with water depending on the source of ·~he superphosphate. 
From 60 to 8) per cent of the P2o~ was also extracted by the water. 
Dilute sulfuric acid or phosphoriC: acid leaches increased the uranium 
extraction to about )0 per cent. They determined that calcining the 
rock before making the superphosphate iQcreased the uranium extraction 
with the subsequent leach from 30 to about 90 per cent. The urani urn was 
recovered from the pregnant leach solutions at a pH of 2.1 by precipitation 
with iron filings. Their total process involved calcining the phosphate 
rock at 1,8)0° F. for 30 minutes before making the superphosphate, 
counter-currently leaching the cured superphosphate with water , recovering 
the uranium in a 2 to 4 per cent precipitate with metallic iron and either 
evaporating the final solution to obtain essentially monocalcium phosphate 
or evaporating the solution with the r esidue from the leaching operation 
to a product similar to superphosphate. 
The major disadvantage of the Battelle process was the prohibitive 
amount of evapor ation that was necessary to recover the approximately 
equal per cent of P2o5 that was solubilized with the uranium. It was 
reasoned that the superphosphate could be leached vli th a saturated phosphate 
solution and that part of the uranium might dissolve and be r e covered while 
very little P2o~ dissolved. This '..rould eliminate the expensive evaporation 
to recover the fertilizer. 
R. 1. Barnard, in work done at the Massachusetts Institute of Technology, 
leached uranium from superphosphate vii th saturated calcium phosphate 
solutions (10). The uranium recovery ranged from 14 to 55 per cent but it 
proved difficult to keep the solutions saturated so that 20 to 50 
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percent of the superphosphate was also dissolved. When saturated solutions 
were used in cyclic leaching tests, the uranium recovery dropped to about 
10 per cent. The uranium was stripped from the pregnant solutions by 
pse.udocementation on metallic aluminum. Under laboratory conditions and 
at a pH of 3.0, all of the uranium was stripped; however, under more 
practical conditions, the recovery of uranium was much less complete. 
Recirculation of these stripped solutions resulted in precipitation of 
uranium on the feed and additional superphosphate being dissolved. The 
net effect was to produce leached residues containing more uranium than 
the feed. Because of these difficulties, work was stopped on• this process. 
The Research Department of the Western Division of Dow Chemical Company 
did some experiments on cured superphosphate in conj1mction with research 
on the recovery of uranium from·wet process phosphoric acid. They used the 
technique of organic leaching or lyometallurgy. Lyometallurgy has been 
defined as a process in which an organic solvent, free from a separate water 
phase, is used to leach a mineral solid (18). The maximum extraction of 
uranium, in their early work, was 35 to 40 per cent with n'o apparent loss 
of wei~ht of superphosphate (4). Retreatment of the leached superphosPhate 
with fresh solvent extracted only about 5 per cent of the remaining uranium. 
of the first solvents tested, a maximum extraction was made with a 10 per 
cent volume of octyl acid phosphate (O.P.A.) in diluent (5). The alkyl 
acid phosphate was prepared by slowly adding phosphorus pentoxide to octyl 
alcohol until a molar ratio of one to four was reached. Investigations 
showed that extraction with this solvent was relatively independent of 
particle size of the sunerphosphate, temperature of the solvent, agitation 
time greater than 2 hours, O.P.A. concentration greater than 10 per cent, 
and the diluent material. The effect of calcination of the phosphate rock 
previous to production of superphosphate was studied (6). The uranium 
recovery was not appreciably different from uncalcined rock. The uranium 
was recovered from the solvent by either stripping with concentrated 
hydrochloric acid or precipitation with 48 per cent hydrofluoric acid (5). 
The Dow workers had reached this stage of their research work when the 
problem of uranium recovery from superphosph:1te was initially considered 
at Ames Laboratory. 
Concurrent with the study at Ames Laboratory, the Dow research workers 
made several other studies concerning the recovery of uranium from cured 
superphosphate. The Dow workers made a survey of organic phosphoric acids. 
All of these acids were prepared by mixing phosphorus pentoxide with an 
organic· alcohol. Basic work on organophosphorus compounds as reported 
by G. M. Kosolapoff indicated that the ratic of the alcohol to phosphorus 
pentoxide determined the reaction products (27). The following reactions 
were shown to produce various organic phosphoric acids. 
5ROH .,. 3P 2o5 ---7 (Ro > 5 cHo > 5P 6o5 
3IDH .,. P205 ---) (RO) (H0) 2PO .,. (R0) 2(HO)PO 
2IDH 1- P2o5 ----1 (ro) 2(H0) 2P2o3 
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Actually the reactions are more complex than the simple equntions show. 
Generally, a mixture of p~oducts is obtained and compounds formed from the 
hydrolysis of the products are common. 
The Dow workers found that the alkyl pyrophosphoric acids generally 
had the gr eatest extraction coeffic ients for uranium (7). The extraction 
coefficients increased with increasing chain length of the R group to a 
maximum with the eight carbon chain octyl group. After these facts were 
determined, their work was concentrated on developing dioctyl phyrophos-
phoric acid as a uranium solvent. Their O.P.P.A. was prepared by r eacting 
2 moles· of capryl alco~ol with 1 molP of phosphorus pentoxide. They found 
that drj~ng the tcchnic~l grade capryl alcohol before reacting it with the 
phosphorus pent oxide gave a prouuct which had approximately 2 per cent 
b~tter uranium extracting ability (8). They used anhydrous calcium sulfate 
as a drying agent. 
The extraction coefficient of O.P~P.A. declines very markedly in a few 
days after preparation. The Dow workers recommended that the solvent be 
prepared daily (9). The decrease in extr&ction power was determined to be 
due to hydrolysis of the O.P.P.A. The time to complete hydrolysis of the 
O.P.P.A. to O.P.A. was reported to be 55 minutes in water, 45 minutes in 
0.1 N. hydrochloric acid and 32 minutes in 1.0 N. hydrochloric aciu. 
They determined the best procedure for preparation of O.P.P.A. was 
to slurry the phosphorus pentoxide in a diluent and th en add to octanol 
to this mixtu0e. Moderate preparation temperature variation (0° C., 
27° C. and 80 C.) did not have an appreciable effect on extraction power. 
The use of higher preparation temperatures, however, reduced the extraction 
coefficient. 
They s tudied various compounds as possible diluent materials. Table 
2 shows the K values (concentration of u3o8 in organic divided by concentration 
of U~OR in aqueous) for a l per cent O.P.P.A. solution in these diluents. 
Kero~ene was generally used as the diluent because of the high K value, 
eeneral availability and low cost. The K values were all determined from 
equal volume "shake tests" with phosphoric acid prepared b¥ the wet process. 
The Dow workers expected the diluents to give the same relative values when 
used with superphosphate. 
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Table 2. Eq1Ailibrium K valuec:; for 1 per cent O.P.P.A. in various 
diluent compounds.a 
Diluent 
Stoddard solvent 
kerosene 
benzene 
carbon tetrachoride 
isopropyl ether 
toluene 
monochlorobenzene 
chloroform 
nitrobenzene 
K Value 
(cone. u3o8 in organic/cone. u3o8 in aqueous) 
7.9 
7.6 
7.3 
6.6 
5.6 
4.6 
4.0 
3.7 
a Table reproduced from Bailes, Dow 76, op. cit. 
The research workers at Dow developed a process for the recovery of 
uranium from cured superphosphate (28). The principal steps of the Dow 
uranium recovery process are shown as R flow sheet in Figure 3. In 
sunrrnary this process consisted of leaching the ground, cured superphosPhate 
with O.P.P.A. in a diluent. The ura.nium was recovered from the O.P.P.A. 
by precipitating with hydrofluoric acid. The FeSOh reduced the uranium 
so that tne insoluble UFJI could be filtered out. I portion of the recycled 
O.P.P.A. was scrubbed wilh sulfuric acid and discarded as waste. The 
superphosphate residue, after the solvent was rPmover; 1y drying, was reported 
to have properties idenUcal to the original ma · eria:! They expected to 
get a 78 per cent uraRium recovery with this pr(cess. This recovery was 
assumed on the basis of using nitrated superphosphate. 
The Dow workers prepared superphosphates containing no nitric acid, 
6 lb. HN03 and 20 lb. HN03 per ton of rock. The use of the nitric acid 
increased the uranium recovery from 25 per cent to approximately 55 per 
cent. However, there was very litt.le difference between the uranium 
recovery with 6 lb. of HN03 and 20 lb. of HN03• Roasting the phosphate 
rock previous to the acidulation also had a slight beneficial result. 
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FIGURE 3. DOW PROCESS FOR RECOVERY OF URANIUM FROM CURED , NORMAL 
SUPERPHOSPHATE 
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The uranium recovery increased as the amount of sulfuric acid was 
increased up to a maximum wh;ich corresponded to complete acidulation of 
the rock. They reported thi~ acid consumption as a one to two weight ratio 
of sulfuric acid to rock. The acid concentration was not specified. 
Dow determined that uranium recovery increased with age of the cured 
superphosphate. The recovery increased progressively up to at least 
144 hours. As the amount of organic extractant per unit weight of super-
phosphate increased, the uranium recovery gradually increased. It was 
shown that at least 1 ml. of organic per g. of cured superphosphate was 
necessary to cover the solid phase. Most of their experiments were run 
with a 2.5 ml. per g. rati~ . They determined that above 2 per cent 
O.P.P.A. the effect of solvent concentration was very slight. About 
28 per cent recovery was reported from unnitrated superphosphate with 2 
per cent O.P.P.A. and the recovery only increased to about 29 per cent with 
10 per cent O.P.P.A. The 2 per cent O.P.P.A. gave 60 per cent uranium 
recovery from nitrated, cured superphosphate. The particle size of the 
cured superphosphate was shown to have an appreciable effect on uranium 
recovery. It was necessary to grind the cured superphosphatP to at least 
minus So mesh to get a reasonable uranium recovery. Dow determined that 
as little as 30 seconds extraction time with the nitrated superphosphate 
was sufficient. The data indicated that a slight decline in recovery 
took place with increasing time. 
Dow studied several techniques to recover the uranium from the 
O.P.P.A. In general, 48 per cent hydrofluoric acid proved to be the best 
reagent. It showed the highest stripping coefficient and enabled the 
uranium to be recovered by reduction without the necessity of neutralizing 
or evaporating large quantities of acid. 
MATERIALS AND PROCEDURES 
Y.taterials 
The superphosphates used in this research were prepared from Florida 
phosphate rocks. Two ~ifferent lots of rock were taken from a sample of 
Florida land pebble that the Iowa State College Engineering Experiment 
Station had obtained from Davison Chemical Corporation in Perry, Iowa. 
Table 3 .gives the main chemical composition of each of the rock samples. 
The various components are reported as oxides. Uranium was determined by 
the fluorimetric analysis procedure which is described in detail in the 
Appendix. Calcium, iron and aluminum were determined by the methods of 
the Association of Florida Phosphate Mining Chemists (2). Fluroine was 
determined by the Brab.son, Smith and Darrow method (11). The remaining 
determinations were done by the Association of Official Agricultural 
Chemists' methods (3). 
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The screen analys es of t he rocks are s iven in Table 4. Tl1ese samples >·rere 
analyzed by shakinc 25 c; . of t he rock for 10 ninutes in t he Tyler Ro-Tap. 
Each of the Florida plwsphate rock samples was analyzed spectroc;raphically 
for an approxima t e quantitative determination of the minor metal content. 
Table 5 shows the spectrograp!:i c analyses for t he tv.ro l ots of rock. 
Constituent 
F 
NgO 
Hoisture 
TaHe 3 
Chemical composition of Florida land 
pebble phosphate rocks (dry basis) 
Rock R-1 
(per cent) 
0.0186 
34.3 
47.7 
2.49 
0.22 
3.02 
1.09 
0.73 
Table 4 
Rock R-2 
(per cent) 
0.0172 
34.5 
50.0 
2.41 
0.54 
3.11 
1.92 
1.11 
Screen analyses of the Florida phosphate rocks 
(10 minutes in Tyler Ro-Tap) 
Tyler standard Rock R-1 Rock R-2 
screen mesh (per cent retained) (per cent retained) 
- 65 6.0 6.4 
- 65- 100 9.6 8.0 
-100 - 150 12.0 9.2 
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Table 4 (cont.) 
Screen analyses of the Florida phosphate rocks 
(10 minutes in Tyler Ro-Tap) 
Tyler standard 
screen mesh 
-150 - 200 
-200 
Rock R-1 Rock R-2 
(per cent retained) (per cent r etained) 
56.8 
Table 5 
Spectrographic analyses of the Florida pebble 
phosphate rocks 
Component 
Au 
D 
Ba 
Ce 
Co 
Cr 
Cu 
La 
Mn 
Nd 
Ni 
Pb 
Pr 
Rock R-1 
(per cent) 
0 
0.01 
0.01 
0 
0 
0.01 - 1.0 
0.01 
0.01 
0.01 - 1.0 
0 
0.01 
0.01 
0 
Rock R-2 
(per cent) 
0 
0.01 
0 .01 
0 
0 
0.01 - 1.0 
0.01 
0 
0.01 - 1.0 
0 
0.01 
0 
0 
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The solvents used in these studies were prepared in the laboratory or 
were obtained from Eastman Kodak Company, Monsanto Chemi cal Company or 
Mallinckrodt Chemical Works. The commonly used octyl pyrophorphoric acid 
(O.P.P.A.) was prepared in the laboratory by reacting capryl alcohol with 
phosphorus pentoxide. The capryl alcohol was a 95 per cent grade obtained 
from Rohm and Haas. Table 6 gives the pr operties of the capryl alcohol. 
Reagent grade P205 was used. 
Table 6 
Properties of Rohm and Haas 95 per cent 
grade capryl alcohola 
Empirical formula 
Molecular weight 
Boiling range 
Specific gravity 
Density 
Methyl hexyl ketone content 
Refractive index 
Flash point 
Water content 
aAdapted from Rohm and Haas, op. cit. 
C8Hl80 
130.23 
173 - 183° c. 
0.818 @ 25° c. 
6.8 lb. per gal . 
less than 5% 
1.426 @ 20° c. 
185° F. 
0.3 - o.5% 
Kerosene was used as the diluent for the solvents. It was obtained 
as a bulk grade. The A.S. T.M. distillation range was determined to char-
acterize the kerosene (1). Figure 4 shows the distillation data in 
graphical form. The specific gravity of the kerosene was 0.7835@ 25° c. 
Procedure for the Preparation of Cetyl Pyrophosphoric Acid 
All of the octyl pyrophosphoric acid used in the extraction experiments 
was prepared in the laboratory. The O.P.P.A. was made by reacting 2 moles 
of capryl alcohol with 1 mole of phosphorus pentoxide. The preparation was 
always made in kerosene which served as a diluent for the O.P.P.A. 
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The general procedure for the preparation of O.P.P.A. consisted first 
of calculatin:]" the stoichiometric quantities of capryl ..,lcohol, P2o5 and 
kerosene that were necessary to prepare the desired concentration. The 
kerosene was measured into ~ container and the P2o~ was then weiehed into 
the kerosene. It was necessary to weigh the P2o~ very rapidly because of 
its highly deliquescent nature. The capryl alconol was then po~red into 
the mixture of phosphorus pentoxide and the following reaction took place. 
2ROH ~ P o5 ~ R-0-P-0-P-0-R 2 . 
The R groups repres en t the normal octyl group. The heat of reaction and 
energy of mixing always caus ed the temperature to rise to apProximately 
70° c. 
Two different methods of agitating the mixture during the reaction 
we~e used. Table 7 gives the equilibrium data values between aqueous 
uranyl nitrate solutions and 10 per cent O.P.P.A. prepared h y mixing the 
solvent for various lengths of time by a slow speed propeller mixer. 
These data show tha t a relatively high K value was obtained after a 75 
minute mixing period and this high value remained constant for mixi ng 
times up to about 500 minutes. The lower K value at the start was probably 
due to incomplete r eaction and the drop in value after 1250 minutes was 
probably due to partial hydrolysis of the O.P.P.A. The original aqueous 
solution contained 100 micrograms of u3o8 per ml. Equal portions of the 
solvent and this aqueous solution were sflaken for 10 minutes to get the 
equilibrium values. 
Portions of O.P.P.A. were also prepared by agitating in a kitchen type 
blender. The blender furnished very violent mixing action. Table 8 
gives the equilibrium data values between aqueous uranyl nitrate solutions 
and various concentrations of O.P.P.A. mixed for different lengths of 
time in the blender. The K values ·were determined the same way as those 
for the slow speed agitation tests. 
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Table 7 
Equilibrium vffiues between aqueous uranyl nitrate 
solutions and O.P.P.A. prepared by slow speed agitation 
O.P.P.A. Mixing time K value 
concentration (minutes) (cone. u3o8 in organic/ (per cent) upg in aqueous) 
10 l stable emulsion 
10 15 9l 
10 30 99 
10 45 181 
10 75 250 
10 135 250 
10 250 250 
10 5oo 250 
10 1250 198 
Table 8 
Equilibrium values between aqueous uranyl nitrate 
solutions and O.P.P.A. prepared by violent agitation 
K value 
cone. 
O.P.P.A 
concentration 
(per cent) 
Mixing time 
(minutes) (cone. u3o8 in organic/ cone. 
u3o8 in aqueous) 
10 
10 
10 
15 
5 
10 
15 
5 
98 
207 
293 
293 
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Table 8 (cont.) 
O.P.P.A. Mixing time K value 
concentration (minutes) (cone. u3o8 in organic/cone. 
(per cent) U 3o 8 in aqueous) 
15 10 295 
20 5 295 
20 10 295 
These data show that a K value higher than that obtained by any 
slow speed mixing time was reached by 15 minute agitation of the 10 
19 
per cent O.P.P.A. in the blender. When O.P.P.A. solutions of higher than 
10 per cent concentration were used, the K value did not increase for the 
particular aqueous concentration studied. However, as determined by the 
fluroimetric uranium analysis method, the K values indicate almost 
quantitative recovery of -the uranium in-t-o the solvent. The opt-imum 
mixing procedure for the preparation of O.P.P.A. was, therefore, chosen 
to be a 15 minute agitation in the blender. The specific gravity of 10 
per cent O.P.P.A. nrepared by this method was 0.8004 @ 25° C. 
Some non-aqueous titrations of O.P.P.A. with sodium hydroxide were 
made in an attempt to study the products obtained with various mixing 
times. Various systems were tested but a mixture of 5 ml. of solvent 
in 75 ml. of water and 25 ml. of acetone gqve the sharpest pH breaks 
when 0.1 N. sodium hydroxide was added. The potential was determined 
with a Beckmann glass electrode-calomel electrode pH meter. The 
mixture was stirred continuously with a magnetic stirrer as the standard 
NaOH was slowly added and the potential was measured. Figure 5 shows the 
titration curves for several different mixing times with the slow speed 
propeller mixer. The gradual movement of the first break to the right 
corresponds to an increase in the concentration of replaceable hydrogen 
ions in the solvent, which would take place as the reaction of the 
alcohol and P?..OC. _goes to completion. The appearance of the second break 
was probably nue to the titration of the second replaceable hydrogen ion 
on mono-octyl phosphoric acid, which would be one of the hydrolysis products 
of O.P.P.A. 
Samples of O.P.P.A. that were several weeks old gave three pH 
breaks which indicate that a mixture of hydrolysis products ar-e 
formed as O.P .. P.A. 11ages 11 • Phosphoric acid would probably be one of 
the ultimate products of hydrolysis. Heating the O.P.P.A. to approxi-
mately 150° C. or mixing the solvent with concentrated hydrochloric acid 
also caused three pH breaks, which indicates that either of these 
procedures will incre:.1 se the r ·ate of hydrolysis of the O.P.P.A. 
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Acidulation and Extraction Procedures 
A simultaneous acidulation of phosphate rock and solvent extraction 
of uranium was used in most experiments. These simultaneous acidulations 
and extractions were done in regular pyrex 1 liter beakers. A household 
type two-beater Mixmaster was used to agitate the mixture. 
The general technique was to place 200 ml. of solvent in the beaker 
and add 250 g. of phosphate rock. The mixer was started and a slurry of 
rock in solvent was obt3ined. If a surfactant was used it was added at this 
time. The sulfuric acid was then added and the mixing beaters were 
operated at approximately 250 r.p.m. for the desired mixing time. The 
beaters were moved around the beaker to assure good contact with all 
portions of the mixture. After the mixing period, most of the solvent 
was decanted away from the superphosphate. The final separation was made 
by filtering the solvent through a medium-grade filter paper supported on 
a size five buchner funnel. The superphosphate filter cake was washed three 
times with 100 ml. each of kerosene. The damp superphosphate was then 
allowed to cure for 4 weeks in an enamel pan ooen to the room atmosphere. 
Various sulfuric acid concentrations were used. All of these were 
diluted and cooled to room temperature before the acidulation. 
Generally 1.81 lb. sulfuric acid on a lOO-per cent basis per lb. of P205 
was used as an acidulation ratio. This corresponded to the usual 
acidulation ratio used commercially to prepare normal superphosphate. 
Some experiments were run with an initial 2.50 acidulation ratio. The 
procedure for these preparations was similar to that outlined above; 
however, the fresh superphosphate from t~e filter cake was returned to 
the mixing vessel along with the aqueous phase that had been separated 
from the solvent. Sufficient additionr>l. rock (95 g.) to get an overall 
1.81 acidulation ratio_ was then added and these materials were mixed for 
an additional 3 minutes. 
Usually the rock, solvent and acid were added at room temperature. 
The heat of reaction between the rock and acid would cause the temperature 
to rise to approximately 60° C. The temperature then gradually decreased 
during the extraction period to approximately 50° C. When the effect of 
higher temperatures was studied, the materials were heated on a small 
electric hot plate both before and during the mixing period. 
As long as the solvent was kept in contact with the fresh superphosphate, 
there was no tendency for it to "set up'' rapidly like normally prepared 
superphosphate. Even after mixing for several hours the superphosphate 
was in a plastic state. The superphosphate prepared with sulfuric acid 
higher than 50 per cent concentration would, however, "set up" about an 
hour af~er the mixing was stopped and the organic solvent was removed. 
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Evaluation Procedure 
After the superphosphate was cured, it was br oken up with a mortar 
and pestle and stor ed in tightly closed sample bottles. The total P2o5, 
water soluble P ;:Pc:, citrate soluble P2o5, citrate insoluble P2o5 and 
moisture content 6f the cured superphosphates were determined by methods 
of the Association of Official Agricultural Chemists (3). The P205 in the 
solutions was determined by the colorimetric procedur e of Br idger, Boylan 
and Markey (12) except that a Beckmann Model DU spectrophotometer was used 
rather than the Klett-Summerson colorimeter. 
The availability of P 0 in the cured sunerphosphate or conversion 
was determined by subtractfng the citrate insoluble P~5 from the total 
P2o~ and dividing this number by the total P2o5 content. The P205 
conversion of phosphate in fresh superphosphate was determined in a similar 
manner. However, it was necessary to make the P Oc: analy~es as rapidly 
as possible after the acidulation. Generally, it took about 15 minutes 
to weigh the samples and start the water soluble P2o5 analyses. It was 
assumed that the start of the water soluble anal ysls would stop any 
further conversion because the free acid would be washed away. 
EXPERIMENTAL RBSULTS 
This research was undertaken to develop a method of recovering 
the uranium from superphosphate during the actual preparation 
reaction between phosphate rock and sulfuric acid. Previous work had 
shown that the uranium could be extracted from cured superphosphate with 
an organic solvent, however, the liquid-solid extraction necessita ted 
additional processing. The following work was done to develop a liqui d-
slurry extraction process. This process facilitates the mixing of the 
superphosphate and s olvent and has the advantage of being done in the 
same process step as the actual preparation of the superphospha te. 
Solvent Studies 
A survey was made of the common solvents and solvents proven useful 
in other uranium extraction processes to find a compound capable of recov-
ering uranium from fresh superphosphate. Only organic solvents were 
considered because aqueous materials would tend to remove some of the 
P205 value of the superphosphate. Previous work had proven the value of 
oxygen-containing compounds li~e ethers, ketones, organic phosphates and 
nitrates as uranium solvents so the emphasis was put on these types of 
compounds. 
Table 9 presents the results of the extraction tests with the various 
solvents. Each of them had been mixed for 10 minutes with fresh super-
phosphate prepared by a 1..81 lb. acid per lb. P205 acidulation ratio. The 
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octyl acid phosphate was a reaction equilibrium mixture of mono-octyl 
phosphoric acid, dioctyl phosphoric acid and trioctyl phosphate. It was 
obtained from Monsanto Chemical Company. The octyl pyrophosphoric acid 
was prepared in the laboratory by the procedure discussed previously. The 
trioctyl phcrsphate was prepared in the laboratory from capryl alcohol and 
POClJ. In each test a ratio of 4.8 ml. of solvent per g. of rock was 
used. 
A solution of octyl pyrophosphoric acid in kerosene gave the best 
uranium recovery of the solvents tested. Most of the other compounds 
would have been expected to extract uranium also· but the high concentration 
of sulfate and phosphate ions apparently reduced their efficiency. The 
O.P.P.A. has the disadvantage of being relatively unstable; however, its 
degradation products are similar to octyl acid phosphate which is also 
a relatively good solvent. O.P.P.A. has the advantage of being inexpensive. 
The raw material cost for a 10 per cent solution of O.P.P.A. in kerosene 
is approximately $.09 per lb. when it is prepared from reagent grades of 
capryl alcohol and P205. The cost could probably be lowered to about 
$.04 per lb. if commercial grades were used. ' 
Table 9 
Uranium~overy obtained with various solvents 
Solvent 
kerosene 
carbon tetrachloride 
trichloroethylene 
chloroform 
diethyl ether 
acetone 
ethanol 95% 
ethyl acetate 
mesityl oxide 
Uranium recovery 
(per cent) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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Table 9 (cont.) 
Uranium recovery obtained with various solvents 
Solvent 
cyclohexanone 
methyl isobutyl ketone 
2-ethyl-n-hexanol 
nitromethane 
1-nitropropane 
2-nitropropane 
nitrobenzene 
tributyl phosphate 
octyl acid phosphate (5% in kerosene) 
trioctyl phosphate 
octyl pyrophosphoric acid (5% in kerosene) 
Uranium recovery 
(per cent) 
0 
0 
0 
0 
3 
0 
4 
8 
22 
22 
38 
Effect of Solvent Concentration 
A series of superphosphates was extracted with various concentrations 
of O.P.P.A., in kerosene to determine the optimum concentration for uranium 
recovery. Table 10 gives the results of these tests. The superphosphates 
were prepared with 70 per cent sulfuric acid and a 1.81 acidulation ratio. 
The extractions were done at the reaction temperature of approximately 50° C. 
All of these tests were made with 0.94 ml. of total solvent per g. 
of rock. The O.P.P.A. solutions above 5o per cent by weight were very 
viscous and difficult to separate from the superphosphate. The O.P.P.A. 
solutions were prepared fresh for each extraction. Figure 6 shows the 
effect of O.P.P.A. concentration in kerosene graphically. The results 
indicate that 10 per cent O.P.P.A. is the optimum concentration. The 
uranium recovery is relatively independent of solvent concentrations 
above 10 to 15 per cent. 
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Effect of the Solvent to Superphosphate Tiatio 
A number of superphosphate samples were prepared and simultaneously 
extracted with various amounts of fresh 10 per cent O.P.P.A. This series 
of extractions was made to test the effect of the solvent to superphosphate 
ratio on uranium recovery. Table 11 gives the results of this series of tests. 
The amount of solvent is given on a lb. per lb. of rock basis. Each super-
phosphate in the series was prepared with 60 per cent sulfuric acid and 
a 1.81 acidulation ratio. Figure 7 shows the results graphically. 
Table 10 
Effect of O.P.P.A. concentration on uranium recovery 
Concentration o.f solvent 
(per cent O.P.P.A) 
0 
0.5 
1.0 
2.0 
5.0 
10.0 
15.0 
15.0 
20.0 
5o.o 
75.0 
100.0 
Uranium recovery 
(per cent) 
0 
19 
22 
28 
40 
51 
47 
49 
58 
5o 
60 
53 
26 
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The data shows that the uranium recovery is relatively independent of 
the amount of solvent present. As long as there is enough solvent present 
to contact all portions of the superphosphate during the extraction, 
additional O.P.P.A. does not seem to increase the uranium recovery. The 
solvent to superphosphate ratio very probably depends on the efficiency of 
mixing of the organic solvent and inorganic slurry. When very small amounts 
of solvent are used, the suoerphosphate has a tendency to "set up" rapidly 
and it is very difficult to recover the solvent from the freshly acidulated 
material. A ratio of 0.24 lb. of solvent per lb. of rock would probably 
be the optimum level. 
Table 11 
Effect of the amount of O.P.P.A. on uranium recovery 
Ratio of to~al solvent 
(O.P.P.A. plus kerosene) 
to rock 
(lb. per lb.) 
0.032 
o.os 
0.16 
0.24 
0.64 
0.80 
0.80 
0.96 
0.96 
1.12 
1.44 
3.84 
uranium recovery 
(per cent) 
32 
36 
33 
34 
40 
3.5 
33 
34 
36 
36 
36 
34 
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Effect of Solvent Age 
Due to the inherent instability of the O.P.P.A. solvent, a brief study 
was made of the effect of solvent age on uranium r ecovery . A portion of 
10 per cent O.P.P.A. l-Ias prepar ed and after various lenc;ths of time an 
extraction was made. Each of the superphosphates vias made with 60 per 
cent sulfuric acid and a 1.81 acidulations ratio. A 0.64 lb. per lb. 
solvent to r ock r atio was used. All of the extractions were made at 
the reaction temperature of approximately 50° C. Table 12 shows the 
results of these tests. Figure 8 presents the same data graphi.cally. 
Table 12 
Effect of O.P.P.A. age on uranium recovery 
Age of O.P.P.A. Uranium recovery 
(hours) (per cent) 
o.s 40 
s.o 32 
8.0 27 
12.0 24 
As expected from the equilibrium data with aqueous uranyl nitrate 
·solutions and the non-aqueous titrations wit h sodium hydroxide, the 
uranium recovery gradually decreases with increasing age of the solvent. 
This is due to partial hydrolysis of t he phyrophosphoric acid to the 
mono- and dioctyl phosphoric acids and eventually to phosphoric acid. It 
is necessary, therefore, to use freshly prepared O.P.P.A. for good uranium 
recovery. 
Effect of Extraction Temperature 
Some extractions were made to test the effect of temperature on uranium 
recovery. All of the superphosphates were prepared from 60 per cent 
sulfuric acid and a 1.81 acidulation ratio. A 0.64 lb. per lb. solvent to 
rock ratio was used for each extraction. When the reactants were added 
at room t emperature, the heat of reaction of the rock and sulfuric acid 
raised the temperature during the early part of the extraction to approx-
imately 60° C. The temperature gradually decreased so that it was about 
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50° C. during most of the extraction period . The extractions made at a 
hi:;:her temperature were done on a hot plate . The materials were heated 
previous to the sirnul taneous acidulab.on and extraction. The solvents 
that were heated to approximately 100° C. had a tendency to darken in 
color. \-Jhcn the heating period 1-J.:; s prolonc;ed a dark brown, viscous 
31 
phase would separate from t he sol vent and settle t o the bottom. This 
heavy phase was insoluble in kerosene . A 10 minute mixing time was used 
for each test. Table 13 gives the r esults of these tests. The same data 
is pr esented graphically in Figure 9. 
The resul t s show that the hi~~he st uranium r ecovery was obtained at 
the l ower extraction t emperatur es . The rea son for the decrease in 
uranium extr action with increase in temperature was very p robably due 
to partial hydrolysis of the O .. P.P.A. This agr ees well with the findings 
of the U. S. Phosphoric Products Division of the Tennessee Corporation 
(38) on their work on the recovery of uranium from wet process phosphor~c 
acid . They reported an increase in acid temperature of 20° F. above 80 F. 
doubled the O.P.P.A. consumption for the same degree of uranium extraction. 
Table 13 
Effect of extraction temperature on uranium recovery 
Extraction temper ature Uranium r ecovery 
( 0 c.) a (per cent) 
49 32 
49 35 
51 31 
53 31 
90 16 
101 13 
101 6 
102 8 
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As a method of checking the actual reason that temperature has such 
a deteriorative effect on uranium extraction, a series of superphosphate 
samples were analyzed for P20r: distribution inmediately after the 
acidulation. These analyses iletermined the P205 conversion that actually 
existed during the extraction. It is reasona5le to expect that the only 
uranium available for extraction by the solvent is that amount freed from 
the fluorapatite crystalline structure. A solvent leach of the rock does 
not recover any uranium. The amount of P205 conversion to the available 
form is a measure of the extent of reaction of phosphate rock. Table ll1 
Gives the P205 analyses for some fresh superphosphates prepared with 60 
per cent acid and a 1.81 acidulation ratio. The P205 determinations were 
made as soon as possible· after the simultaneous acidulation and extraction. 
A +,irne lag of approximately 20 to 30 minutes occurred, however , while the 
liquid ru1d slurry phases were separated and samples were weighed for the 
deterrr.inations. A small amount of conversion probably took place durinu; 
that time. It was assumed that once the water soluble P205 analysis was 
started, the conversion was stopped. 
The data in Table 14 shows that a greater conversion of P205 was made 
at the higher temperature. Sampling trouble made it very difficUlt to 
deternune a uranium recovery on the same samples that the P205 measurements 
were made ; however , a study of Figure 9 s hows that much lower actual 
uranium recovery can be obtained at the higher temperatures. This makes it 
rather certain that it is the effect of the heat upon the solvent, not on 
the acidulation reaction, that reduces the uranium recovery. A study of 
the availability data also shows that although appro:;r.lmately 60 per cent of 
the P20r: had been converted, only about 32 per cent of the uranium was recover~d under the particular extraction conditions used for these tests. 
There are several factors that may prevent the solvent from recovering 
all of the available uranium. First, part of the uranium may be pre~~nt as 
a compound insoluble in the solvent. If the uranium is presmt as U 4, it 
is possible that UJt is formed by the HF liberated from the reaction between 
the rock and sulfuric acid. UF4 is insoluble in O.P.P.A. In fact, the 
usual method of stripping uranium from the solvent is by formine uranium 
t~trafluoride. The Dow research workers found that the addition of a 
small amount of nitric acid during the acidulation of the rock increased 
the ultimate uranium extraction from the cured superphosphate very 
appreciably. It6is possible that the nitric a~~d acted as an oxidizing 
agent to form U~ or keep the urar1ium in the U 6 valence state; thereby, 
preventing the formation of the insoluble UF4. The value of an oxidizing 
agent was also proven by increasing the uranium recovery from wet process 
phosphoric acid (31). Generally, only 60 to 80 per cent of the uranium 
Table 14 
Phosphate analyses of fresh supe~Jhosphatesa 
Acidulation ratio - 1.81 lb. acid per lb. P2o5 
Water Citrate 
Temperature Total Available Conversion Soluble Insoluble 
(0 c.) P20S P20S P20S P20S P20S 
(Eer cent) (Eer cent) (per cent) (Eer cent) (per cent) 
51 21.0 12.7 60.7 11.0 8.26 
49 22.2 15.4 69.4 11.9 6.80 
49 21.1 12.2 57.9 10.0 8.87 
106 21.3 18.0 84.5 16.7 3.34 
aAll of the phosphate data are reported on a dry basis. 
Moisture 
(per cent) 
21.5 
22.8 
24.4 
14.2 
\.;..) 
.j::"" 
H (J) 
0 
I 
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1-' 
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present in phsophate rock is recovered in phosphoric acid. Under oxidizing 
conditions, the uranium recovery to the phsophoric acid parallels the 
P205 recovery. 
Another factor that could prevent the solvent from recoverinG al l of 
the available uranium is the mode of reaction between the phsophate rock 
particles and sulfuric acid. Kearns determined, in his work on the 
quickcure process, that increased conversion of P20c was obtained by 
decreasing the phsophate rock particle size (25}. It has been proposed 
that the reason for the dependency of conversion rate on particle size 
is due to the formation of a layer of nearly i mpervious reaction products 
on the surface of the rock particles. If such a la"er is formed, it means 
for good uranium recovery that the O.P.P.A. has to diffuse into the 
reaction products layer, pick up the uranium and then diffuse back into 
the main body of fluid. The rocks used in these experi ments were ground 
to approximately 60 per cent through 200 mesh. The screen analyses are 
shown in Table 4. This is the size rock commonly used -in commercial 
practice to produce superphosphate. 
Effect of Extraction Contact Time 
As one method of testing the possible effect of a reaction products 
layer on uranium recovery, a s crie~ of superphosphates were extTacted for 
various l engths of time with 10 per cent O.P.P.A. All of these samples 
were prepared with 60 per cent sulfuric acid and a 1.81 acidulation ratio. 
A solvent to rock ratio of 0 . 64 l b . per lb. vJas used. All of the extractions 
were done at the r eaction temperature of approxinately 50° C. Table 15 
gives the results of these tests. The same data is sho-vm craphically in 
Figure 10. 
Table 15 
Effect of extraction contact time on uranium recovery 
Extraction cont act time 
(minutes) 
2.5 
2.5 
5.0 
5.0 
7.5 
7.5 
Uranium r ecovery 
(per cent) 
19 
19 
21 
23 
25 
26 
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Table 15 (cont.) 
Effect of extraction contact time on uranium recovery 
Extraction contact time 
(minutes) 
10 .0 
10.0 
12.0 
16.0 
20 .0 
20.0 
30.0 
30.0 
Uranium recovery 
(per cent) 
37 
35 
38 
35 
34 
26 
32 
29 
37 
The data show a very marked rise in uranium r ecovery was obtained as 
the contact time increased f or tl:~ first 10 minutes. After 12 minutes the 
uranium recovery gradually declined. The decrease in recovery was very 
probably due to partial hydrolysis, of the solvent . The Dow research 
workers on their work with cured superphosphate also found that uranium 
recovery decreased wi th increasing contact time . If the rate of diffusion 
of the solvent throuEh the reacti on products controlled the amount of 
·llrani urn recovery in a given time, the amount of recovery would have been 
expected to increase ~. th increased contact time. If there was any increase , 
t he rate of solvent degradation after 12 minutes was more important. A 
10 to 12 minute extraction time seems optirrrum for the type of mixing obtained 
vrith the }lixmaster. 
Effect of Rock Particle Size 
A portion of t he phosphate rock was ground to a f i ner particle size 
to test the effect of rock size on uranium recovery. The material ground 
to approximately 73 per cent through 200 mesh was done on a dj~k grinder. 
The material 100 per cent through 200 mesh was ground with an automa·tic 
mortar and pestle. The 63 per cent through 200 mesh material viaS the 
commercially ground rock. All of the samples were prepared with 60 per 
cent sulfuric acid and a 1.81 acidulation ratio. A solvent -to rock ratio 
of 0.64 lb. per lb. was used with 10 per cent O.P.P.A. All o1 the extract-
ions were done at the reaction temperature of approximately 50° c. Table 
16 gives the results of these tests. 
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The data sho-vr that finer rock particle size had a sli ght beneficial 
effect on uranium recovery but the improvement probabl y would not be 
sufficient to support extensive grindinG. Further research work should 
prove the optimum particle size. 
Table 16 
Effect on rock particle size on uranium recovery 
Per cent through 
200 mesh screen 
62.4 
72.7 
100.0 
Uranium recovery 
(per cent) 
51 
58 
57 
Effect of Oxidizing and Reducing Agents 
A number of different superphosphate samples were prepared to test 
the effect of oxidizing and reducing agents on uranium recovery. The 
dry chemicals were introduced with the rock; however, the nitric acid 
was added with the sulfuric acid. The simultaneous acidulations and 
extractions were done with 60 per cent sulfuric acid, 1.81 acidulation 
ratio, 0.64 lb. per lb. solvent to rock ratio and a 10 minute mixing 
time. The results of these tests are given in Table 17. 
The data indicate the marked effect of either oxidizing agents or 
reducing agents on uranium recovery. Ordinary recovery with the same 
operating conditions but without oxidizing or reducing agents is approximately 
40 per cent. It can be seen that the presence of rQducing agent lowers the 
recovery while the presence of an oxidizing agent increases the uranium 
recovery. This agrees well with the findings of the Dow workers (31). 
Agent 
powdered iron 
FeS04 
no agent used 
K2S208 
HNOJ 
HNOJ 
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Table 17 
Effect of oxidizing and reducing 
a~ents on uranium recovery 
Ratio of agent 
to rock 
(lb. per lb.) 
0.02 
0.02 
0.02 
0.02 
0.10 
Uranium 
recovery 
(per cent) 
26 
25 
40 
47 
44 
51 
The pregnant solvents recovered from the superphosphates that had 
been prepared with oxirlizinr, agents were darker in color than the 
39 
ordinary solvents. Apparantly it is poscible that t he solvent could become 
oxidiz ed by drastic condition~. It seems, however, t hat the action of 
an oxidizing a,aent to form u+ is of more value to high uranium recovery 
than any deteriorative effect it may have on the solvent. 
Effect of St1l furic Acid Concentration 
A series of super phosphates was prepared to test the effect of the 
sulfuric acid concentration on uranium recovery. All of these samples 
were prepared with a l. 81 lb. acid per lb. P20r:; acidulation. A solvent 
to rock ratio of 0.64 lb. per lb. was used witfi 10 per cent O.P.P.A. as 
the solvent. A 10 minute simultaneous acidulation and extraction contact 
time was used. No oxidizing agents were added to the mixtures. Table 
18 presents the data f rom this series of tests. Figure ll shows the same 
results c;raphically. The effec t of a wetting agent is also shown. 
The wetting agent used in the simultaneous acidulations and extractions 
was Tergi tol NPX, the amount used was approximately l per cent of the amount 
of solvent. It is made by Union Carbon and Carbide Corporation and consists 
of a mixture of homologous alkyl aryl polygolcol ethers. The data do not 
indicate any effect of the material on uranium recovery; however, with very 
low acid concentrations the wetting agent appeared to increase the rate of 
reaction between the rock and acid. 
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The optimur.J. sulfuric acid concentration seems to be about 70 per cent. 
Conveniently, this is the acid concentration commonly used in commercial 
practice to produce superphosphate. There is little effect on uranium 
recovery llhen acids 1 elou 60 per cent concentration are used. An aqueous 
phase becins to appear, hovJever, in addition to the sol vent and superphosphate 
phases, uhen acids of concentration l o-vwr than 50 per cent are used. Some 
method l10 uld have to b e used to return to the superphosphate the portion 
of available P205 that is present in this phase if these acid strengths were 
used. 
Concentration 
acid 
(per cent) 
80 
75 
70 
70 
65 
65 
60 
60 
55 
55 
50 
50 
45 
45 
35 
30 
25 
20 
20 
Table 18 
Effect of sulfuric acid concentration 
on uranium recovery 
of Wetting agent 
used 
Uranium recovery 
Yes, 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
(per cent) 
47 
51 
49 
49 
46 
41 
43 
40 
42 
43 
44 
43 
44 
46 
40 
42 
42 
41 
42 
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Table 19 Gives some pi"os phate availability data for cured s t'perphosphates 
prepared with acids of various concentration. All of these samples were 
cured at room conditions for 4 weeks after the simultaneous acidulation. 
and extraction. Only the solid portions of the cured superpl:ospha tes were 
anal~":>;ed, although the aqueous phase present ·vri th the acid concentrations 
lower than So per cent would have undoubtedly contained part of the water 
sol uble portion of P205. 
A study of the data in Table 19 shows that the conversion with the 
simultaneous acidulation and extraction was only sli r;htly lower than the 
conversion in regularly prepared superphosphate. A decrease of about 4 
per cent in conversion occurred vlhen 70 per cent s ulfuric acid '"as used. 
The effect of multicontact extraction Has tested on a superphosphate 
sample prepared with 70 per cent sulfuric acid. Three separate contacts 
with fresh 10 per cent O.P.P.A. were used. Each extraction was 10 
minutes lohg. A 0.64 lb. per l b . solvent to rock ratio was used for each 
contact. No oxidizing aeents were used and the extractio ns were done at 
the renction temperature which varied from 52° C. for the first extraction 
to 34° C. for the final contact. 
The cured superphosphate analyzed 0.0042 per cent u3o8 which corresponds 
to -a--54 per cent urani mn recovery. A sinele contact extraction with similar 
operating conditions is capable of r ecovering about 49 to SO per cent of 
the uranium. Since t wo extra contacts recover only an additional 4 per 
cent of the uranium, it is doubtful that it would be economically feasible 
to use more than one liquid-slurry extraction step. 
Effect of Acidulation Ratio 
Because of the success of other workers in recovering practically all 
of the uranium from vJet process phosphoric acid (15), (38) vJhich contains 
6o to SO per cent of the uranium present in the phosphate rock from which 
it was prepared, a study was made on the effect of over-acidulating the 
phosphate rock. A number of samples were prepared by acidulating the 
rock to make a mixture of products similar to phosphoric acid and eypsum. 
This mixture was contacted with 10 per cent O.P.P.A. to recover the uranium 
and then sufficient additional reck was added to reduce the overall 
acidulation ratio to 1.81 lb. acid per lb. P205. Only the uranium present 
in the rock initially acidulated with 2.50 lb. acid per lb. P205 was 
available for extraction but the addition of more rock was necessary to 
get superphosphate as a product. 
P205 determinations were made on several superphosphates prepared with 
the initlal 2.50 acidulation ratio. These data are presented in Table 
20. The analyses were made as soon as possible after the initial acidul~ 
ation and simultaneous extraction and before the second addition of rock. 
The amount of conversion determined should be representative of the extent 
of reaction between the rock and acid at the time of extraction. All of 
the samples were prepared with 60 per cent sulfuric acid, 0.64 lb. of 
solvent per lb. of rock and a 10 minute extraction contact time. 
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Table 19 
Phosphate analyses of cured superphosphates 
Acidulation ratio - 1.81 lb. acid per lb. P205. 
Sulfuric acid Total Available Conversion Water soluble 
concentration P205 P205 P205 P205 (;eer cent) (per cent) (per cent) (per cent) (per cent) 
70* 20.5 20.3 99.1 19.9 
70* 20.6 20.3 98.6 19.6 
70 20.6 19.3 93.9 19.3 
10 20.4 19.3 94.8 19.2 
65 19.3 18.8 97.4 18.0 
65 19.3 18.7 97.1 18.2 
6o 20.4 19.6 96.1 18.7 
60 20.3 19.7 97.2 18.7 
55 19.5 19.3 98.9 18.4 
55 19.0 18.5 97.1 18.2 
5o 19.1 18.7 97.5 17.7 
5o 19.3 18.9 97.6 18.2 
45 12.0 9.3 77.3 7.6 
45 11.9 9.2 77.1 8.3 
*Samples not extracted. 
Citrate 
insoluble 
P205 (per cent) 
0.20 
0.27 
1.26 
1.06 
0.54 
0.56 
0.79 
0.56 
0.21 
0.52 
0.44 
0.45 
2. 71 
2.73 
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Table 19 (continued) 
Citrate 
Sulfuric acid Total Available Conversion Water soluble insoluble 
concentration P20~ P205 P205 P205 P205 
(per cent}- _(p~r cent)_-- _U>_e~~e!l_t)_ _(per c~_nt) (per cent) (per cent) 
35 12.7 7.5 59.1 5.2 5.20 
35 12.2 8.1 66.3 6.4 4.11 
30 11.8 7.7 64.8 6.1 4.20 
30 11.4 7.4 64.9 4.1 4.00 
25 12.2 8.1 66.6 6.3 4.06 
25 11.6 7.8 67.2 6.1 3.80 
20 12.1 6.4 53.1 4.8 5.67 
20 12.3 6.4 52.3 5.1 5.86 
+:--
+:--
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Table 20 
Phosphate analyses of fresh superphosphatea 
Initial acidulation r atio - 2.50 lb. acid uer lb. P205 
Citrate 
Total Available Conversion Water soluble insoluble 
P205 (per cent) P205 (per cent) 
P205 
(per cent) P205 (per cent) 
P205 
(per cent) 
18.9 12.1 64.3 9.6 6.70 
17.1 11.3 66.1 10.3 5.83 
17.5 12.2 69.3 10.4 5.32 
a.All of the phosphate data are reported on a "dry" basis. 
Moisture 
(per cent) 
23.3 
18.2 
18.7 
~ 
0 
I 
a-. 
1-' 
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~ 
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When the 1·esul ts shown in Table 20 are compared with those in 
Table 14, it can be seen that the amount of P20~ conversion in 10 minutes 
with either <=~cidulation ratio is about 60 per c~nt. Apparently the excess 
acid does not increase conversion in that short of a time interval. 
A series of superphosphates was also prepared to test the effect 
ot sul furic acid concentration on uranium recovery using the initial 
2.50 acidulation ratio procedure. Table 21 presents the results of 
these tests. The same data are presented graphically in Ficure 12. 
A 10 minute extraction period with 0.64 lb. of solvent per lb. of rock 
was used for each experiment . The uranium recovery has been calculated 
on the basis of the initial amount of uranium present during the 
extraction and also on the overall amount of uranium present f rom 
both additions of phosphate rock. 
A study of the data shows that sulfuric acid concentr.ation does 
not have the same effect with the initial over-acidulation procedure 
than it has with the 1.81 acidulation ratio method. The more dilute 
acid concentrations seem to favor hieher uranium recovery. Even with 
only 20 per cent sulfuric acid, however, the uranium recovery based 
on the initial rock present is o,nly about 50 per cent complete. This, 
of course, is still less than the 60 to 80 per cent that can be recovered 
durtng the production or --vvet process phosphoric acid. Howeve:r,-wet process 
acid is generally produced by a step-wise acidulation procedure which 
offers a much greater length of time for acidulation to take place. 
Acid strength and temperature are also carefully controlled so that the 
proper CaS04 crystalline structure is formed for good separation of the 
acid and gypsum. Any variation from these specific operating conditions 
could cause the decrease in uranium recovery. 
Most wet process phosphoric acid is used in the production of triple 
superphosphate, which is prepared by reacting wet process acid with phos-
phate rock. An acidulation of 2.3 lb. acid P205 per lb. of rock P205 is 
used. A process that recovers uranium from wet proc ess phosphoric acid, 
of course, has no effect on uranium in the rock. If 80 ~er cent u~~~ium 
recovery is assumed from the rock that goes into production of wet process 
acid, the overall recovery from triple superphosphate is only 56 per cent. 
When compared on an overall basis, the uranium recovery from wet process 
acid (used in the produqtion of triple superphosphate) and the uranium 
recovery from normal superphosphate by the acidulation-extraction method 
are about the same. An acidulation-extraction procedure very similar to 
the one developed in this present work could probably be used to simul-
taneously recover uranium from wet process acid and phosphate rock during 
the production of triple superphosphate. 
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Table 21 
Effect of sulfuric acid concentration on uranium 
r ecovery <vi th an initial acidulation ratio 
of 2.50 lb. acid per lb. P2o5 
Concentration Uranium recovery 
of acid Initial Overall 
(per cent) (per cent) (per cent) 
60 38 26 
6o 36 24 
55 43 29 
50 40 27 
45 46 31 
40 41 28 
35 48 32 
35 51 35 
30 48 32 
30 46 31 
20 50 34 
20 50 34 
DISCUSSION 
47 
The 1.81 lb. sulfuric acid per lb. P205 acidulation procedure seems 
more feasible for uranium recovery that the 2.50 acidulation method. The 
maximum overall urani·um recovery obtained by the first method · was about 50 
per cent, while that for the 2.50 method was only 35 per cent. The 2.SO 
acidulation proces_s also has the disadvantage that it requires more pro-
cess s+.eps. An additional mixing operation is necessary when the second 
batch of rock is added to reduce the overall acidulation to 1.81. The 2.50 
acidulation may have one advantage when compared to the 1.81. A considerable 
amount of organic material is occluded by the fresh superphosphate. The 
samples prepared in the laboratory were filtered and washed with kerosene 
but even with vacuum filtration about 10 per cent of the total organic was 
held by the fresh superphosphate. This amounts to a loss of about 1/3 lb. 
kerosene per lb. of rock (dry basis). Future pilot plant studies may show 
that the organic solvent can be separa~ed from the f reshly acidulated rock 
more easily when the 2 .SO acidulation is used. 
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When the 1.81 lb. sulfuric acid per lb. P205 acidulation is used, at 
least half of the uranium can be recovered by a single step liquid-slurry 
extraction of the freshly acidulated phosphate rock. Althour;h octyl pyro-
phosphoric acid has the disadvantas e of being relatively unstable, when 
freshly prepared it is the best knovm solvent for recoveri ng uranium from 
superphosphate. Because of its instability, the solvent was found to work 
best at moderate temperatures and short as possible contact time with hydro-
lyzing conditions. It was indicated that crinding the phosphate rock to a 
finer slze increased uranium recovery slie;htly but the cost of this grir.ding 
would probably be less than the value of increased recovery. Future stuaies 
may show the optimum rock particle size. ' The optimum operating conditions 
for uranium recovery were determined in this study to be: 
l. An extraction ratio of 0.24 lb. solvent (10 per cent O.P.P.A. in 
kerosene) per lb. phosphate rock. 
2. A 10 minute simultaneous acidulation and extraction. 
3. A sulfuric acid of 70 to 75 per cent concentration. 
4. An extraction temperature of appr9ximately 50° C. as contrasted 
to higher temperatures. · 
A. uranium recovery of 50 per cent was obtained with these conditions. 
The recovery seemed to be limited mainly by two factors. One of these was 
the extent of apapti te lattice destruction by the sulfuric acid. Only 
uranium freed from the apatite lattice can be recovered by solvent extraction. 
The other limiting factor was the possible formation of UF4 during the rock 
acidulation. Uranium tetrafluroide is insoluble in octyl pyrophosphoric acid. 
There was no work done on methods of stripping uranium from the solvent. 
It was assumed that the method' developed by Dow (28) in their wo rk on 
cured4superphosphate could be used. In this method, the uranium is reduced 
to u• with ferrous sulfate. UF}J is f ormed by the addition of HF and the 
insoluble uranium tetrafluoride lS filtered out of the solvent. 
A raw material cost estimate was made to determine the cost of uranium 
recovered from superphosphate by the simultaneous acidulation and extraction 
process. The consumption of FeS04 and HF was estimated from the Dow process 
data (28). ·It was assumed for the co.st estimate that 50 per cent recovery 
would be obtained from a phosphate rock containing 0.018 per cent u3o8• It 
was also assumed that the O.P.P.A. could be reused ten times.· This assumption 
seems reasonable because it should be possible to recycle the solvent several 
times per uranium strip. The capacity of 10 per cent O.P.P.A. is much higher 
than the amount of uranium it would pick up in one contact with superphosphate. 
Table 22 shows the raw material cost estimate based on April, 1955 prices. 
)0 
JV'J.a teri al 
P205 
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Table 22 
Estimat e of t he rm·; mo.terial cost f or uranium 
recovered fr om superphosphate by the 
acid ulation - extrRction method 
Unit cost 
(~/lb .) 
.17 
Cons umption 
(lb./lb. U308) 
9.56 
Cost 
UP/lb. U308) 
capryl alcohol • 20 17.00 
1.63 
3. 40 
Feso4 •7H20 .02 
HF .28 
kerosene .-o2h 
6.06 
1.95 
.12 
.55 
5. 70 
42.72 
48.42 
The data show that the cost of kerosene lost in the s uperphosphate 
mo.kes the process very uneconomical. The kerosene, of course, represents 
a mechanical loss as contrasted to the other materials, which are chemically 
consumed. The ~).70 cost of t.he raw materials actually consumed in the 
proce:os >·muld be reasonable. 
If lmier boilinc; diluent for O.P.P.A. 1-Jo.s used, it probably could 
be recovered by a drying operation followinc; the solvent and superphosphate 
separation. It -vmuld be impossible to recover kerosene by a drying operation. 
A study of l<J.gure 4 shows that it would be necessary to heat to at least 
280° C. to boil off the kerosene. Superphosphate will revert to an 
unavailable form of P2o5 at much lower temperatures than this. A material 
like n-heptane, which boils at 90° C., could be used as the diluent for 
O.P.P.A. It could be removed from the superphosphate by a drying operation 
and recovered from the drier gases for recycle. 
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The quick-cure process for the production of superphosphate uses a 
dryinc process to cure the material. A similar drying operation co1..1ld be 
used to simultaneously cure the superphospha-:, e and remove the diluent. If 
t his met hod wer e used, the process steps neces sary to recover uranium and 
produce superphosphate would be: 
l. Hix rock, acid, and solvent. 
2. Separate the solvent from the freshly acidulated rock. The 
O.P.P.A. could be washed out with diluent. 
3. Strip uranium from O.P.P.A. 
4. Dry fresh superphosphate to simultaneously cure the product and 
remove the diluent. 
5. Recover the diluent from drier gases and recycle. 
Part of the diluent would probably be lost but it certainly would be 
less than the amount of kerosene occluded by the fresh superphosphate . 
The cost of processing would be higher when a drying operation is used but 
a large share of the cost would be support~d by the advantages of quick-
____ _L_ 
curing. 
CONCLUSIONS AND RECO~MENDATIONS 
From the results of this study, it is concl,lded that: 
1. Uranium can be recover ed from superphosphate by a single step 
liq1;id-slurry extract ion of the freshly acidulated phosphate rock. Al~ 
though the maximum uranium recovery obtained only half of that present, 
it is of the same level as the overall uranium recovery from triple 
superphosphat e prepared from wet process phosphoric acid that has been 
subj ected to a uranium extraction. At the present production level of 
normal superphosphat e, even 50 per cent recovery represents a domestic 
source of appr oximately Soo tons of uranium annually. 
2. A solution of 10 per cent octyl pyrophosphoric acid in a diluent 
should be used as the solvent. About 0.24 lb. of total solvent per lb. 
of rock was optimum. 
3. The usual acidulation for the prorluction of superphosphate should 
be used (l. 81 lb. acid per lb. P205) with sulfuric acid of 70 per cent 
concentration. 
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4. The process may be economically feasible if the O.P.P.A. and 
diluent can be recovered from the superphosphate. A diluent such as n-heptane, 
which can be removed by drying, would have to be used. A drying operat ion 
that would simultaneously quick-cure the superphosphate and r emove the 
diluent could be used . The diluent would have to be r ecovered from the 
drier gases and recycled. 
5. The limiting factors in the recovery of uranium by the acidulation-
extraction process are the extent of apatite lattice des truction and the 
possible formation of UF4 during the acidulation. The only uranium avail-
able for r ecovery is that freed from the crystalline lattice structure. 
Uranium tetrafluoride is insoluble in octyl nyrophosphoric acid. 
It is re~ommended that the simultaneous acidulation and extraction 
process be further studied. These studies to deter mine if uranium recovery 
can be increased, if the diluent can be recovered from the fresh super-
phosphate by a drying operation, and if the cost of operation is economically 
feasible. 
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APPENDIX. FLUORIMETRIC ANALYSIS FOR URANIUM 
The U. S. Geolo gical Survey has r ocenylY developed the fluorimetric 
analysis procedure for low-concentration ur anium samples (16), (19), (20), 
This method of analysiS 1~ based on the Iruorescence property Of uranium 
salts under ultraviolet light after fusion with sodium fluoride. The in-
tensity of the fluorescence is directly proportional to the amount of 
uranium present. The quantitative test for uranium is specific with long 
wavelength (3650 i) ultraviolet light (20). In spite of this specificity, 
many elements interfere by quenching the uranium fluorescence. Table 23 
lists the quenchers. Strong quenchers are those elements where 1 to 10 
micrograms quench uranium fluorescence by 10 per cent or more, moderate 
quenchers are those where 10 to 50 micrograms quench by about 10 per cent, 
and weak quenchers are those that SO to 1,000 micrograms quench fluorescence 
by about 10 per cent. 
Two techniques have been developed to eliminate or reduce quenching 
inte r ference. The "dilution" or direct method does not involve any chemical 
separations. This method reduces quenching to a n~gligible factor by 
using extremely small samples for analysis. This method is possible be-
cause the degree of quenching depends only on the concentration of the 
quencher in the phosphor and not on the ratio of concentration of quencher 
to concentration of uranium in the sample. The dilution method, however, 
has the disadvantage of being very susceptible to interference due to 
background contamination. 
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Table 23 
Uranium fluroescence quenching elementsa 
Strong Quenchers Moderate Quenchers Weak Quenchers 
Cr Hg Ti 
Mn Fe w 
Co Cu 
Ni Zn 
La Sn 
pt Th 
Au 
Pb 
Ce 
Pr 
Nd 
arable adapted from Grinald:, TET 219, op.cit., Paee 4 
In the second method, the uranium is separated from the quenching 
elements before the fluoride phosphor is formed. This separation is 
commonly done by extraction of uranyl nitrate with an organic solvent. 
The followj_ng analysis procedure uses this solvent extraction method. 
Briefly, the fluorimetric procedure consists of dissolving the 
sample containing uraniumvJith nitric acid to form uranyl nitrate, 
separation of the uranyl nitrate from quenchers by solvent extraction, 
fusing the uranyl nitrate with a fluroide flux to form a phosphor disk, 
and determining the intensity of fluroescence of the phosphor with a 
fluorimeter. The intensity of fluroescence is then compared with a 
standard. 
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Pure sodium fluoride is often used as the flux but a mixed fluoride-
carbonate flux has certain advantages. A mixture of 9 per cent NaF, 45.5 
per cent Na2co3 and 45. S per cent K2co3 is used in this procedure . This 
flux does not stick to the gold dishes, produces mechanically strong 
phosphors, gives about the same sensitivity as pure NaF, and melts at 
approximatel y 6ooo C. The flux is prepared in approximately 10 pound 
lots; homogeneity is assured by mixing for SO hours by rolling in a 
carboy. The amount of flux used depends on the size of the fusion 
dishes. The phosphor disk should be thick eno1Jgh to be ntechanically 
strong and yet thin enouch to fit in the fluorimet er sample holder . The 
weieht of flux used for each sample should be reproduci~"Jle within 0 .1 c; . 
for quantitative -vwrk (41). 
Two types of f luroimeters have been used to measure the intensj ty of 
urani urn fluorescence. The "reflection" fluorimeter measures the intensity 
of fl uo rescence from the irradiated side of the phosphor disk . The 
"transmission" instrument measures thP- fluorescence on the phosphor side 
opposite the ultraviolet li ght. The fluorimeter used in this procedure 
is a Galvanek-Horrison reflection t yp e manufactured by Jarrell-Ash 
Company. The Galvanek-Morrison Fluorimeter consists of three basic 
units; and ultraviolet light chamber and sample slide, a detecting and 
measuring unit, and a power supply. The ultraviolet lisht is furnished 
by Sylvania Bla ckli te Blue lamps; unwanted light is separa +,ed by a set 
of filters which pass the 550 millimicron band of uranium fluorescence. 
The instrument is balanced with a fluroescent standard after which the 
comparative uranium fluorescence of an unknown sample is measured in 
microamperes of current through the detecting phototube. 
Either gold or platinum dishes may be used for the fluoride fusion. 
This procedure uses gold dishes obtained from the American Platinum Works, 
Newark, New Jersey. Table 24 gives the specifications for the dishes. 
Table 24 
Fusion dish specifications 
Inner diameter 3.5 em. 
Height 1.6 em. 
'vall thickness 0.1 mm. 
Capacity (approximate} 15.0 cc. 
Flat bottom 
Grade of gold 99.9 per cent 
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The actual preparation of the phosphor melt is probably the most 
important step in the fluorimetric analytical procedure. At elevated 
temperatures, the fluoride flux attacks the eold dishes and serious 
quenching of the uranium fluorescence can result from prolonged heating. 
The time-temperature curves shown in Ficure 13 illustrate the serious 
effects of overheating. It can be seen from these curves that the 
intensity of fluorescence is relatively independent of fusion ti r1e for 
a melt temperature of 650° C. This procedures uses an 8 minute fusion 
time at 650° C. Each cold dish is swirled after 5 minutes so that the 
molten flux contacts all of the uranium. Three samples are fused 
simultaneously in a muffle controlled by a Wheelco "off-on" Capaci trol. 
The muffle was made in the laboratory from a Hoskins .Nanufacturing 
Company muffle replacement unit and some fire brick. 
The gold dishes are allowed to cool in desiccators after being removed 
from the muffle. The phosphor disks are removed from the dishes by tapping 
them on a hard surface. The gold dishes are. reformed with a steel die and 
cleaned by boiling in 5o per cent nitric acid for 10 minutes. The excess, 
flux is trimmed from the phosphors and the disks are stored in desiccators 
until they are read on the fluorimeter. The length of time after fusion 
that the intensity of fluorescence is d :t :~:ned must be r eprodu ci bl e. 
Crystal growth in the phosphor dish appare tly has an effect on the 
int~ity of fluoresce~ Table 25 sh w e variation of fluorescence with 
time for several samples. It is reported that fluorescence increases the 
first 3 hours after fusion, decreases the next 3 hours and then gradually 
increases to approximately a constant value (41). This procedure uses a 
24 hour period after fusion as a convenience to the operator. 
Table 25 
Intensity of 1·1uorescence variation with time after fusion 
Sample Fluorimeter reading in microamperes 
1 hour 2 hours 24_ hours 48 hours 
a 23 27 28 27 
b 56 62 62 63 
c 76 76 78 81 
d 78 85 82 83 
e 130 140 135 135 
f 145 155 150 150 
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There are several solvents for uranyl nitrate that can be used for 
the extraction procedure. Mallinckrodt purified 85-90 per cent grade 
ethyl acetate has been used in t his procedure. It has the advantages ·of 
being readily available, inexpensi ve, stable, and has a low enough boiling 
point that it is easi l y evaporated. An aluminum nitrat e solution is used 
with the ethyl acetate as a salting-out agent and also a complexing agent 
for phosphate ion. An ammonium nitrate solution is used a s a wash for 
the solvent to remove interfering ions. 
The complete stepwise procedure for tlhe analysi s of s mall amounts of 
uranium in phosphat e rock or superphospha te follows: 
Sample Preparation 
l. Weigh a. 5.000 to 5.005 g. sample into a 100 ml. beaker. 
2. Add 10 ml. of concentrated nitric acid and di gest until no more 
brown fumes appear. 
3. Add 25 ml. 'of 50 per cent nitric acid and digest for 30 minutes. 
4. Allow to cool and filter into 50 rhl.. vol ·ur:<; tric flasks through 
double thickness~s of Whatman No. hfr f i lter paper. 
5. Wash with distilled water and make up to volume. 
Extraction Procedure 
l. Pipette a 10 ml. aliquot of t he sample solution into a small 
separatory funnel. These separatory funnels were made by 
attaching a micro-stopcock to a thick-walled 50 ml. centrifuge 
tube. 
2. Add 5 ml. of hot aluminum nitrate solution. This solution contains 
60 g. Al(No3)3·9H2o, 6.7 ml. of nitric acid and 10 ml. of water. 
3. Add 10 ml. of ethyl acetat e and mix for 3 minutes. 
4. Allow phases to separate and discard aqueous (bottom) phase. 
5. Add 10 ml. of ammonium nitrate solution. This solution contains · 
660 g. of llli4No3 and 66 ml. of nitric acid per liter of solution. 
6. Mix for 3 minutes and allow phases to separate. Discard aqueous 
(bottom) phase. 
7. Pipette 2 ml. aliquot of the ethyl acetate phase into a clean, dry 
gold dish. 
8. Evaporate the ethyl acetate to dryness under infrared heating lamps. 
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Fusion Procedure 
1. Weigh 3.0 g. of fluoride flux into each gold dish. 
2. Fuse samples for 8 minutes in a 650° C. muffle. After 5 minutes 
the dishes should be swirled to assure homo~enity. 
3. Remove gold dishes from muffle and place in a desiccator. Allow 
dishes to cool. 
· 4. Remove the f used sample disks from the gold dishes and trim 
edces to fit the fluorimeter sample holder . Store the phosphor 
disks in a desiccator. 
5. After 24 hours, determine the intensity of fluorescence of the 
disks on the G-H Fluorimeter. 
Standard curves have been developed to convert the microampere 
reading from the fluroimeter into a uranium concentration. A separate 
curve is necessary for both phosphate rock and superphosphate. Each of 
the relationships is a straight line but m9re uranium is extracted from the 
phosphate rock during the analytical procedure than from the superphosphate. 
Synthetic phosphate rocks and superphosphates each containing known 
amounts of uranium were used to develop the standard curves. These 
synthetic samples were prepared from analytical grade chemical reagents. 
Table 26 gives the analys es of these simulated rocks and superphosphates. 
Table 26 
Chemical composition of simulated phosphate rock and superphosphate 
Constituent 
CaO 
MgO 
Concentration in 
Phosphate rock 
(per cent) 
45.0 
0.4 
4.0 
33.5 
1.0 
Concentration in 
Superphosphate 
(per cent) 
28.2 
0.25 
21.0 
0.625 
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Table 26 (cont.) 
Chemical composition of simulated phosph::tte rock and superphosphate 
Constituent Concentration in 
Phosphate rock 
(per cent) 
1.0 
8.0 
Concentration in 
Superphosphate 
(per cent.) 
0.625 
5.0 
34.0 
Figure 14 shows the standard curve for the phosphate rock analyses 
and Figure 15 the st::tndard curve for super phosphate . Each of these lines 
was determined from the data by the least squares method . The follovling 
straight line equations were determined: 
For phosphate rock 
y = O.l904x - 2.15 
For superphosphate 
y = O.l502x + 0.24 
The actual uranium concentration of samples was determined from tables 
developed from the above equations. In each equation , y is the reading in 
microamperes from the fluorimeter and x is equal to micrograms of u3o8. 
Tables were used to eliminate errors from reading the microampere-uranium 
concentration graphs. 
The procedure outlined above was used on a standard phosphate rock 
sample obtained fro m New Brunswick Laborator y, New Brunswick, New Jersey. 
Table 27 shows the analytical r esults . 
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Table 27 
Standard phosphate rock uranium analysis 
Sample 
New Brunswick Laboratory 
Standard Phosphate Rock 
reported 0.029% u3o8 
average 
u3o8 Concentration (per cent) 
0.0288 
0.0288 
0.0307 
0.0294 
The data indicate that the fluorimetric procedure can be expected to 
give accurate uranium analyses that compare well with independently 
determined analyses. The New Brunmvi ck Laboratory sample had been 
analyzed calorimetrically using a sodium hydroxide-sodium peroxide color 
complex with uranium. 
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